In the first paper on this subject Arnot and Milligan (1936), using a mass spectrograph, showed that diatomic mercury molecules were formed by attachment of excited atoms to normal atoms, the products of the collision being an ionized molecule and a free electron. It was shown that for this process to occur the excited atom must be in an energy state about 9*5 V above the normal.
spectrograph, showed that diatomic mercury molecules were formed by attachment of excited atoms to normal atoms, the products of the collision being an ionized molecule and a free electron. It was shown that for this process to occur the excited atom must be in an energy state about 9*5 V above the normal.
The primary object of the work described in this paper was to determine this appearance potential more precisely by using the balanced space charge method. The lowest excited state of an atom which, on collision with a normal atom, leads to the formation of a molecular ion is shown to be the 6< s8p 4 1P1 state of 9-722 V energy. In addition we have detected molecular ions formed by the attachment of two excited atoms, and evidence is put forward to show that only atoms in P states form attachments with normal atoms which lead to the formation of molecular ions.
A pparatus
A scale drawing of two forms of the apparatus, which gave identical results, together with a wiring diagram, is shown in fig. 1 . All metal parts, including gauzes, filament leads and connecting wires, were made of nickel, spot-welded where necessary. The cylinders C± and C\ were of identical construction except for the gauze window in Cv The caps on the ends of these cylinders were pressed out of one piece of nickel to give a perfect fit, and then were spot-welded on. The cylinder C1 was fitted into a rectangular box folded from a single sheet of nickel so as to prevent any electrons from the filament F1 reaching the outside of C tained the gauze window Gx between F and the fie ions were produced. The cylinder C2 was supported from C\ by quartz rods which insulated it from the rest of the apparatus. The filament Fx was a straight tungsten wire 0-15 mm. in diameter and 12 mm. long. The filaments F2 and F3, which were connected in parallel, 0-1 mm. in diameter and 12 mm. in length. They were co-axial with the cylinders C\ and C2, and their leads were insulated from the cylinders by short quartz tubes passing through the end-caps. The apparatus was contained in a large pyrex tube fitted with a 5 cm. ground-glass joint, so that the whole apparatus could be withdrawn for adjustment and filament renewal. The joint was water-cooled and a low vapour pressure Apiezon grease was used. The tube was connected to a mercury diffusion pump backed by a Hyvac pump, and to a McLeod gauge.
A pool of mercury was kept at the lower end of the tube which could be heated by a non-inductively wound electric furnace. To prevent rapid diffusion of mercury vapour at high pressures a nickel-plated copper disk, just small enough to pass through the ground joint, was fitted between the apparatus and the outlets to the pumps and McLeod gauge. This arrangement was found to be quite satisfactory for vapour pressures up to about 0*03 mm. of Hg at 0° C., but to obtain pressures of the order of 0T mm. the following modification was made. The apparatus shown in fig. 1 a was slightly reduced in size so that it could be enclosed in a nickel cylinder 3 cm. in diameter and 6 cm. long. This cylinder was closed by a tight-fitting cap at each end, the only opening being a small aperture for the entry of the leads to the filament The other leads were taken out through quartz tubes fitting tightly into the containing cylinder. When mercury was placed inside this cylinder it was found that the heat radiated from the filaments was sufficient to produce a high vapour pressure. The vapour pressure corresponding to different temperatures of the furnace was found by using an ionization gauge substituted in place of the apparatus in the pyrex tube. The gauge was of the external collector type and was calibrated against the McLeod with nitrogen. Fig. 2 shows the variation of mercury vapour pressure with furnace temperature. The broken curve represents the saturation vapour pressure corresponding to the same furnace temperatures reduced by a factor of one-quarter, these values being taken from the " International Critical Tables" and reduced to 0° C. The curves show that for high vapour pressures the actual pressure in the tube was approximately one-quarter of the saturated value at the same furnace temperature. These curves and all values of the vapour pressure given in the paper are reduced to 0° C.
The form ation of mercury molecules 135
F urnace tem p eratu re in 0 C. To obtain a vapour pressure of the order of 0*1 mm. the apparatus was enclosed in an outer cylinder as described above. The vapour pressure was then measured by an ionization gauge enclosed in the cylinder. For all runs the pressure of residual gas, as shown on the McLeod gauge, was below 2 x 10-5 mm. of Hg. After the usual flashing and running in of all filaments the current through the filaments F2 and each filament of about 0* 1 mA. The potential between and and their respective cylinders was then reduced to 2 V, resulting in the emissions from F2 and F3 being strongly space-charge limited to a value of about 0-01 mA. The emissions from F2 and F3 were then balanced ment shown in fig. 1 which incorporated two 10,000 ohm resistance boxes and the galvanometer Mx having a sensitivity of 7-8 x this way any fluctuations in the potential of the cells supplying the heating current to F2 and F3 were eliminated. The emission from F3 alone was read on the galvanometer M 2 having a sensitivity of 9-7 x 10~9 amp./mm. so that its constancy during a run could be checked. Both galvanometers were provided with universal shunts so that their sensitivities could be suitably altered.
Electrons from Fx were accelerated up to the gauze V0 applied to the centre of the filament as shown in fig. 1 . V0 was read on a Weston standard voltmeter. Some of the ions produced in the field-free space S diffused through the gauze G2 and, by neutralizing the space charge around F2, increased its emission which was indicated by the deflexion of the galvanometer M x. This method is known to be a very sen of positive ions, since it has been shown that a single positive ion neutralizes the space charge of as many as 104 to 106 electrons, for the ions revolve in spiral orbits around the filament, making many loops before finally hitting the fine wire.
When V0 was below the ionization potential the emission from was spacecharge limited and consequently increased as V0 was increased. When the emission from F1 was kept as constant as possible by readjusting t current after each change in V0, it was found that the number of electrons passing through the gauze G1 into the field-free space S varied in an erratic manner. This was determined by insulating the gauze from the rest of the apparatus, and then measuring the currents to Gx and to the box behind When the emission from Fx was allowed to incr it was found that the number of electrons passing through the gauze increased steadily with V0. This steady increase was linear up to 1^ = 10-4 V, the ionization potential, after which the rise became progressively less steep as the emission reached its saturation value of about 0*16 mA. It was thus found to be more satisfactory not to attempt to keep the emission from
Fx constant, but to allow it to increase steadily as V0 was increased Change in emission of filam ent F,
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Measurements in vacuum were made by immersing the tube containing the apparatus in a large Dewar flask containing a mixture of solid carbon dioxide and alcohol. V0 was increased from 0 to 12 V in steps of 0-5 V, and the change in the emission from F2 was measured by t ma.
E lectron energy in volts F ig . 3. R esults in vacuum for various values of th e sa tu ra te d em ission in m illiam peres given b y filam ent F2.
The results obtained are shown in fig. 3 . The number on the right of each curve is the saturated emission of F2 in milliamperes, and thus represents a measure of the temperature of the filament which must be increased in order to increase the saturated emission. The curves have been slightly displaced in a vertical direction so as to separate the points at low values of Jo* It is seen from fig. 3 th at the emission from F2 falls off steadily as V0 is increased, and th at the rate of decrease increases with the temperature of the filament F2. It was found that the rate of decrease in the emission from F2 increased also when the emission from was increased.
The reason for this behaviour is due to the fact that the emission from F2 is not space-charge limited over its entire length. The temperature of the filament is highest in the centre, and the emission drawn from this portion is limited by space charge; but the emission from the ends of the filament, which are cooled by the leads, is temperature limited. Electrons from Fx can have no effect on the space-charge limited emission from the centre of F2, but they decrease the temperature-limited emission from the ends of F2 by virtue of their space charge. Now as V0 is increased the number of electrons penetrating the gauze and so affecting the emission from the ends of F2 is increased, thereby causing the emission from F2 to decrease as V0 is increased. The same effect is caused by increasing the emission from Fv
If the temperature gradient at the two points, on either side of the central portion of the filament, at which the emission just ceases to be space-charge limited is small, then the electrons from Fx will produce more effect than if the temperature gradient is large, since the length of filament giving a temperature-limited emission will be larger the smaller the temperature gradient. The temperature gradient at these two points will be smaller the lower the temperature of the centre of the filament, that is the smaller the saturated emission from the filament. This is borne out by the curves in fig. 3 which show that the fall off in the emission from F2 is less the smaller the saturated emission that could be drawn from the filament.
To minimize this effect the filament current for F2 and Fz was kept low in future runs, the saturated emission from each of these filaments being 0-08 mA and the space-charge limited value being 0-01 mA. It will be seen from the uppermost vacuum curve in fig. 3 that the fall off in the emission of F2 beyond 1^ = 3 V is not far from linear for this value of the saturated emission. For many of the runs in mercury vapour this fall off in the emission from F2 as V0 was increased was found to be strictly linear up to the point at which ions were formed. This enabled us to determine the ionization potential more accurately than would otherwise have been possible by extrapolation of the curve as in fig. 6 .
(2) Measurements in mercury vapour In fig. 4 are shown three curves obtained at different pressures of mercury vapour. The curves represent the change in the emission from the filament F2, measured by the galvanometer caused by altering the energy V0 of the electrons in the primary beam from Fx. Curve (a) is for a pressure of 0-001 mm., curve (b) for 0-031 mm., and curve (c) for 0-11 mm. of Hg at 0° C.
Considering the low-pressure curve (a) we see that as the energy of the primary electrons V0 is increased up to 10 V the emission from F2 falls off steadily as occurred in vacuum. At 10-5 V the curve begins to rise sharply, showing the presence of positive ions which decrease the space charge around F2. The behaviour of the medium-pressure curve (b) is similar except that positive ions now appear when V0 is approximately 9-5 V. This movement of the point where the curve begins to rise through about 1 V when the pressure was raised by a factor of ten from that prevailing at room temperature occurred in all pairs of curves taken at the two pressures. In addition, a distinct change of slope occurred in the higher-pressure curves at the value of V0 where the lower-pressure curves begin to rise. This change of slope in the higher-pressure curves at a point about It has been shown by Arnot and Milligan (1936) that mercury mole-cular ions are formed by a collision between a normal atom and an excited atom. Since this collision must occur within the lifetime of the excited atom, about 10~8 sec., the probability of molecular ions being formed at low pressure is extremely small. We therefore identify the point at which the low-pressure curves rise as the ionization potential of the mercury atom. Since this point is replaced by a change of slope in the rising portion of the high-pressure curves we identify this inflexion as the ionization potential of the atom. The point at which the high-pressure curves begin to rise is then the appearance potential of the molecular ion, which Arnot and Milligan showed by magnetic analysis to have a value of approximately 9*5 V.
We can now obtain the appearance potential of the molecular ion from the high-pressure curves by subtracting the difference in energy between the point at which the curves begin to rise and the point above this where the curves change slope from the known ionization potential of the atom, 10-39 V. The value obtained in this way is independent of any contact potentials existing in the apparatus. Seven values of the appearance potential obtained in this way from different curves by means of the two forms of the apparatus shown in fig. 1 are given in Table I together with the pressure in mm. of Hg at 0° C. at which the curves were taken. Table I A p p aratu s of fig. 1 a A p p a ratu s of fig. 1 b Pressure A ppearance P ressure A ppearance mm. of H g p o ten tial m m . of H g p o ten tial a t 0° C. volts a t 0° C. volts 0-026 9-71* 0-030 9-70f 0-020 9-62 0-027 9-64 0-017 9-77 0-020 9-65 0-009 Three other curves obtained with a slightly modified form of the apparatus shown in fig. 1 a gave values of 9-78, 9-82, 9-64. The mean of these ten results is 9-70 + 0-01.
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It has been shown by Arnot and Milligan (1936) that the molecular ion is formed by the attachment of an excited atom to a normal atom. The process may be written symbolically as 
in which Hg' denotes an excited atom. The appearance potential represents the minimum energy that the excited atom must possess for the above process to occur.
It was found by Rouse and Giddings (1926) , whose results were checked and developed by Houtermans (1927) and by Foote (1927) , that ions are produced in mercury vapour when irradiated by its resonance radiation 2537 A, of which the photons have only 4-86 V energy. The ionization was found to be proportional to the square of the intensity of the light. To explain these results Houtermans suggested that an excited atom in the 2 3PX state of 4-86 V energy may combine with a metastable atom in the 2 3P0 state of 4*66 V energy to form an ionized molecule and a free electron. He obtained evidence to show that a collision between two atoms both of which are in the metastable state 2 3P0 does not lead to ionization. The effective process may be written as Hg' (2 3Pt) + Hg' (2 3P0) -* Hg^ + e.
(2)
Since this process involves the collision of two excited atoms we should expect it to occur at a considerably higher pressure than that necessary for the occurrence of process (1) which involves only one excited atom. On raising the mercury vapour pressure in our apparatus to O il mm. we obtained curves showing that ions were produced by electrons of energy between 4 and 5 V. A typical curve obtained at this high pressure is shown as curve (c) in fig. 4 . By subtracting a vacuum run from this curve we obtain the corrected form shown in fig. 6 as curve (a) . Since the rise in the curve of fig. 4 between 4 and 5 V cannot set in below the resonance potential of 4*86 V a correction to the voltage scale of fig. 6 of + 0-65 V has been made. This correction, which can be accounted for by contact potentials, makes the steep rise between 9 and 10 V set in at 9-7 V, the mean value obtained from the results given in Table I . The broken curve in fig. 6 represents the theoretical excitation function of the 2 3PX state obtained by Penney (1932) .
The close agreement between this excitation function and the hump in the curve of fig. 6 , together with the fact that this hump only appears when the pressure is raised to about 0-1 mm., leaves little doubt that the molecular ions produced by electrons of energy between 4-86 and 9-70 V are formed by collision between a 2 3PX atom and a metastable 2 3P0 atom as suggested by Houtermans to account for the ionization produced in mercury vapour when irradiated by its resonance radiation.
D iscussion
During the progress of the present work a paper appeared by Snavely (I937) on fhe same subject using an apparatus essentially similar to that shown in fig. 1 6 . His published curve taken at a pressure of 0-09 mm. is reproduced as curve (c) in fig. 6. Comparing this with our curve (a) taken at approximately the same pressure, 0-11 mm., we see that the two curves are of approximately the same shape, but th at Snavely's curve is moved bodily to the right relative to our curve. Snavely corrected the voltage scale for contact potentials by moving his curve until the second minimum appeared at 10*39 V, for he inter preted the steep upward rise after this minimum to indicate primary ionization of the atom. He remarked th at an inflexion occurred in this steep upward rise at 11*2 V when his curve was so adjusted but offered no explanation of this. Our results indicate that this inflexion, which we show in fig. 5 , represents the onset of direct atomic ionization, and therefore should be set to appear in Snavely's curve at 10-39 V. When the voltage scale of Snavely's curve is readjusted to bring this inflexion down from 11-2 to 10-39 V the beginning of the steep upward rise after the second minimum occurs at 9-7 V, which agrees with our value of 9-70 V for the onset of molecular ionization by process (1), p. 141.
Siiavely's curve adjusted in the above way is shown as curve (d) in fig. 6 . The maximum of his peak now occurs at precisely the same value of the electron energy, 7-65 V, as does the maximum of our peak in curve (a). However, this peak in Snavely's curve appears to set in at 6-1 V, whereas we find it to begin at 4-9 V. Since Snavely reports no vacuum runs it appears likely that the fall* in his curve ( ) between 4-1 and 6-1 V would be steeper in vacuum, so that the peak might really set in at the same value as we find. Our results indicate that this peak is due to molecular ionization by process (2), p. 142.
For the molecular ions formed by process (1) Arnot and Milligan (1936) obtained a curve showing the probability of formation of these ions as a function of the electron energy. This curve contained two maxima, a sharp one at 11*5 V and a broad one at 47 V. Since the appearance potential of the molecular ion formed by this process is 9-70 V the excited atom must possess 9-70 V energy before it can combine by process (1) to form an ionized molecule. The excited state of the mercury atom having an energy nearest to this amount is the 6s8p 4 1P1 state which has 9-722 V energy. Just above this singlet state there is the triplet state 6s9p 5 3P0i 2 of which the energies are 9-792, 9-796, 9-817 V (Bacher and Goudsmit, 1932) . Schaffernicht (1930) gives an optical excitation function for the singlet 4 P state of 9-722 V energy which has a broad maximum at 45 V, which would account for the broad maximum at 47 V in Arnot and Milligan's curve. No excitation functions are given for the triplet 5 P states, but, since these states are excited by electron exchange, the excitation functions will rise to a sharp maximum just above their critical potentials, and would therefore account for the sharp maximum at 11-5 V in the efficiency of molecular ionization curve of Arnot and Milligan, and also for the marked falling off of our ionization curve ( b) in fig. 4 a curve represents the efficiency of molecular plus atomic ionization, and consequently only an inflexion, not a sharp maximum, is to be expected at V. This inflexion does not appear in the curves taken at low pressure where the molecular ionization is negligible.
We thus reach the conclusion that the molecular ions discovered by Arnot * This fall, which appears also in our curves, has been shown to .b e due to the emission from th e ends of th e filam ent not being space-charge limited. and Milligan when mercury vapour is bombarded by electrons of energy between 9-70 and 200 V can be entirely accounted for by the two following processes:
Hg' (4 + Hg -> Hg+ + e,
Hg' (5 3P) + Hg Hg^ + (b)
Process (a) accounts for the maximum in Arnot and Milligan's efficiency of molecular ionization curve at 47 V and process (b) for the sharp maximum at 11*5 V. We cannot say for certain from our experimental results that an excited atom in an S, D or F state above the 5 3P state does not lead by collision with a normal atom to an ionized molecule, but we can say that the two processes (a) and (6) involving only the 4 X P state and the 5 3P states are sufficient to account fully for the results of Arnot and Milligan. It will be shown below that there is some evidence th at an excited atom in an S, D or F state does not form an ionized molecule.
We can now fix the value of the appearance potential, which we have found in this paper to be 9*70 + 0*01 V, accurately from process (a). The appearance potential is the energy of the 6< s 4 1P1 state, namely 9*722 V, since this is the state nearest in energy to the experimentally determined value.
The results given in fig. 6 lead to the conclusion th at ionization is also produced by the process Hg' (2 *P,) + Hg' (2 ap") -Hg2 + + e.
The results of Arnot and Milligan show that the ions produced by processes (a) and (6) are definitely molecular, since they were detected by a mass spectrograph, but the ions produced by process (c) have not been analysed by this means. It might therefore be suggested that the collision process represented by the left-hand side of (c) leads to atomic ions. The process
Hg' (2 3PX ) + Hg' (2 3P0) -> Hg+ + Hg + e is energetically impossible since the combined energy of excitation is only (4*86 + 4*66) = 9*52 V, which is 0*87 V short of the ionization potential of the atom. However, the process Hg' (2 3P2) + Hg' (2 3P0) -> Hg+ + H gis energetically possible, since the electron affinity of Hg is given by Glockler (1934) The excess energy of excitation to be carried away as kinetic energy by the products of the process is (9-52 -8-60) = 0-92 V. Theoretical investigations of electron transfer such as is involved in this process, which have been made by Massey and Smith,* show that electron transfer does not become at all probable until the kinetic energy with which the particles collide is greater than ten times the excess excitation energy which must be carried away by the particles after the collision. Now in the above process the kinetic energy with which the particles collide is only their thermal energy which is about 0-1 V, and the excess excitation energy to be carried away by the separating particles is 0-92 V, that is ten times as great instead of one-tenth as great. In view of this we consider that the ions are formed in the molecular state by process (c).
From process (c) we see that the ionization potential of the mercury molecule must be equal to, or less than, (4-86 + 4-66+ = 9-52+ Z) volts, where D is the work of dissociation of the normal molecule. Since Houtermans has shown that the collision of two 2 3P0 atoms does not lead to ionization the ionization potential must be greater than 9-32+ D volts.
A single atom excited to a state of 9-52 V has thus sufficient energy to form an ionized molecule when it collides with a normal atom. We have shown, however, that no ions are formed by collision with normal atoms until the excited atom has 9-70 V energy. The probable error in our value is only 0-01 V. We see from the values given in Table I that the maximum error could not reduce this value to 9-52 V. Now the excited states of a mercury atom lying within the energy range from 9-52 to 9-722 V are all S, D or F states. The first P state with an energy greater than 9-52 V is the 6s S p 4 1P1 state of energy 9-722 V. Therefore, although the excited atom in one of the S, D or F states between 9-52 and 9-722 V has sufficient energy to form an ionized molecule, no ion is formed until the atom reaches a P state. Since the processes (a), (6) and (c) which all involve P atoms are sufficient to account for all the molecular ions observed in mercury vapour the conclusion seems inevitable that the excited atom or atoms must be in a P state for attachment to occur with the production of a molecular ion.
In conclusion we should like to express our thanks to Professor H. S. Allen who kindly made the necessary arrangements to enable one of us (M. B. M'E.) to work in the Natural Philosophy Department.
* W e are indebted to D r R . A. Sm ith for inform ation on this subject.
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